The purpose of the paper is to study the differences in cell death mechanism of MGC-803 induced by "dextran-magnetic layered double hydroxide-fluorouracil" (DMF) drug delivery system and 5-Fluorouracil (5-Fu), respectively. The inhibitory effect on the proliferation was detected via CCK-8. The morphology of cell death was detected by transmission electron microscopy (TEM). Intracellular ATP, mitochondrial membrane potential (MMP), reactive oxygen species (ROS) and Cytosolic Free Ca (Ca 2 ) level were detected via some methods. The result showed that DMF had more obvious effect in suppressing proliferation compared with 5-Fu, and changed cell death pattern of 5-Fu from apoptosis to oncosis. The ATP decrease, MMP loss, Ca 2 increase, the activation of uncoupling protein-2 (UCP-2) and calpain-1 were significant after DMF exposure. However, DMF did not result in ROS accumulation. DMF could involve in activation of porimin, and the cascade reaction of caspases-3, -7, -9, and -12 and poly ADP-ribose polymerase (PARP) through Western blot. DMF showed a stronger injury on nuclear membrane in the cascade reaction of caspases-6, -8 and lamin-A. DMF triggered rapid depletion of ATP, which was consistent with the phenotype of oncosis. Endogenous mitochondrial apoptosis might not be the main cause of cell swelling. DMF could induce strong endoplasmic reticulum stress (ERS) effect, there might be some signaling pathways related with ERS during the process of oncosis. The calpain system might not be a key factor for structural damage in oncosis induced by DMF. DMF could induce the caspases cascade reactions similar to apoptosis, but inflicted a more strong damage on nuclear membrane and PARP.
INTRODUCTION
Gastric cancer is a commonly malignant tumor in digestive system and a major public health burden as one of the most frequently cancer especially in Eastern Asia. So far, curative therapy still plays an important role in gastric cancer. However, there is only small part of the total drug to reach the target area after intravenous or oral administration. 1) A large amount of non-target area drug has serious side effects for patients. 5-Fluorouracil (5-Fu), a well-known anti-cancer drug, has the cytotoxic effect in human gastric cancer MGC-803 cell by induction apoptosis, also exist severe side effects in large dose. 2) Additionally, it is not only complicated for synthesis process but also difficult for design slow-release drugs if use ordinary magnetic substance Fe 3 O 4 to carry drug such as 5-Fu. There may be the degradation problem of the Fe 3 O 4 carrier.
To overcome above disadvantages, we established a new dual-function carrier, a magnetic layered double hydroxide (MLDH) with it to integrate magnetic targeting and slowly release functions. Based on MLDH, a supramolecular drug delivery system of "dextran-magnetic layered double hydroxidefluorouracil" (DMF) was developed. [3] [4] [5] [6] DMF has excellent cell transport properties and obvious anti-tumor effects. It can be seen from the living cell imaging in vitro that the cells undergo expansion and rupture in MGC-803 stimulated by DMF, and the cell contents lost eventually, 5) those are consistent with the characteristics of oncosis. Therefore, we initially concluded that DMF would induce oncosis in MGC-803 cell, and 5-Fu induce apoptosis of the same cell.
In 1997, the American Society of Toxicology and Pathology recommended to the Cell Death Nomenclature Committee to classify cell death forms into apoptosis, oncosis, and unregulated autophagy according to the pathological diagnostic criteria for cell death. Oncosis refers to the pre-lethal phase that follows a lethal cell injury such as complete ischemia or the effects of many chemical toxins, 7, 8) which is a new form of cell death different from apoptosis. They can be distinguished mainly on cell volume and nuclear morphology. Apoptosis characterized by the cells shrinking and forming of apoptotic body. 9) Oncosis related to typical features including cell swelling, dilatation of the endoplasmic reticulum (ER), mitochondrial condensation, formation of cytoplasmic blebs or blisters free of organelle. 10) As so far, the majority of literatures use apoptosis ways to study oncosis, including some signal cascades that similar to the mechanism of apoptosis (but there are still some differences). 11, 12) Therefore, we used some similar ways of apoptosis to research the difference between 5-Fu and DMF in mechanisms. The study suggested that the mechanism of apoptosis induced by 5-Fu were mainly involved in caspase family of extracellular and intracellular pathway, such as caspases-3, -8, and -9. 13) We assumed that the mechanism of DMF treatment are similar or different to these of oncosis in previous researches. In addition, DMF and 5-Fu are likely to show some similar mechanisms of apoptosis in MGC-803. In order to explore the oncosis peculiarity stimulated by DMF, this paper intends to study mitochondrial and endoplasmic reticulum pathway through cellular immune-fluorescence, molecular Western blot and other detection of related factors in oncosis. We expected to provide research basis for the development of DMF anticancer agents in the treatment of gastric cancer through exploration of mechanisms induced by DMF in MGC-803. Cell Viability Assay Cells were seeded on 96-well plates with the density of 4 × 10 3 cells per well. After overnight, the cells were treated with alteration in concentration (125, 250, 500, 1000, and 2000 µg/mL) of 5-Fu and DMF at 37°C for 24 h, respectively. In addition, cells having grown for 24 h were exposed to 350 µg/mL of 5-Fu and 1 mg/mL of DMF (contain approximately 35% 5-Fu) for 12, 24, and 48 h. Thereafter, 10 µL CCK-8 added to each well and incubated for 2 h. Absorbance value recorded at a wavelength of 450 nm by the microplate reader (MULTISKAN GO, Thermo Fisher, U.S.A.).
MATERIALS AND METHODS

Cell
Transmission Electron Microscopy (TEM) Cells were seeded on 6-well plates with the density of 1 × 10 7 cells per well. After 12 h incubation, 350 µg/mL 5-Fu and 1 mg/mL DMF (contain approximately 35% 5-Fu) were added to 6-well plate at 37°C with 5% CO 2 for 4 h, respectively. The experimental and control cells were fixed with 2% glutaraldehyde, post fixed in 1% osmium acid, dehydrated through the ethanol of different concentration and embedded in epoxy resin. Semithin-sections cut axially, through all layers of each pellet to select areas for ultramicrotomy. Ultrathin sections stained with lead citrate and 4% uranyl acetate and then observed in a HITACHI H7650 electron microscope (Hitachi, Japan).
Intracellular ATP Assay Cells were harvested during logarithm growth phase and plated in 6-well plates at a density of 3 × 10 5 cells per well in a volume 2 mL/well while set of untreated control group. After 12 h incubation, 350 µg/mL 5-Fu and 1 mg/mL DMF (contain approximately 35% 5-Fu) were added to 6-well plate at 37°C with 5% CO 2 for 12, 24, and 48 h, respectively. Cells collected by trypsinization and centrifugation. Total protein was isolated from cells using Whole Cell Lysis kit following the manufacturer's instruction at 4°C to collect supernatants, and protein concentration was determined using the bicinchoninic acid (BCA) protein quantitation kit. The concentration of ATP performed with a commercial ATP detection kit according to the manufacturer's instructions. Finally, the absorbance values of each tube measured by microplate reader, taken into the formula provided by the manufacturer's instructions. The experiment tested at least three times in parallel.
Mitochondrial Membrane Potential (MMP) Assay MMP was measured by flow cytometry with the mitochondrial tracking fluorescent JC-1. After exposed to 350 µg/mL 5-Fu and 1 mg/mL (contain approximately 35% 5-Fu) DMF for 12, 24, and 48 h, cells were harvested and centrifuged at 1000 rpm for 5 min. Thereafter, cells incubated with JC-1 at 37°C for 20 min in the dark. Subsequently the cells resuspended in 500 µL 1 × incubation analyzed by flow cytometer (BD Accuri C6). The data was analyzed using BD Accuri C 6 software and expressed as mean fluorescence intensity.
Reactive Oxygen Species (ROS) Assay 2′,7′-Dichlorodihydrofluorescin diacetate (DCFH-DA) is a fluorogenic freely permeable tracer specific for ROS assessment. It can be deacetylated by intracellular esterase to the non-fluorescent DCFH, which is oxidized by ROS to the fluorescent compound 2′,7′-dichloroflorescein (DCF). Thus, the fluorescence intensity of DCF is proportional to ROS generated in the cells. Cells harvested during logarithm growth phase and seeded in 6-well plates at a density of 3 × 10 5 cells/mL in a final volume 2 mL/well. After 12 h incubation, 350 µg/mL 5-Fu and 1 mg/mL DMF (contain approximately 35% 5-Fu) were added to 6-well plates at 37°C with 5% CO 2 for 12, 24, and 48 h, respectively. Cells washed once with ice-cold phosphate buffered saline (PBS) incubated with 4 µmol/L DCFH-DA at 37°C for 10 min in the dark. Then the cells were washed five times in PBS followed by collecting in 1 mL PBS. The ROS production assessed by flow cytometer. The experiment performed at least three times.
Cytosolic Free Ca Concentration (Ca
2+
) Assay Upon entering the cell, Fluo-3 AM is cleaved by esterase to form Fluo-3, followed by retained and hardly any fluorescence in the cell. However, there is an intense increase for fluorescence intensity when Fluo-3 combines with calcium ions. Thus, the fluorescence intensity of Fluo-Ca is proportional to the great mass of Ca 2+ generated by the cells. After drugs exposure, cells were washed in ice-cold Hank's balanced salt solution (HBSS) for three time. A working Fluo-3AM solution was added in cells with concentration of 4 µM and incubated at 37°C for 45 min in the dark. Then cells was covered with HBSS that contain 1% FBS at 37°C for 60 min in the dark to ensure that Fluo-AM is compete de-esterification. Cells were resuspended in HBSS. The Ca 2+ generation was assessed by flow cytometer. The data of DCF fluorescence intensity was evaluated by BD Accuri C 6 software.
Immunocytochemistry Assay Cells harvested during index growth phase and seeded in 12-well plates at a density of 5 × 10 4 cells/mL in a final volume 1 mL/well. After 24 h incubation, 350 µg/mL 5-Fu and 1 mg/mL DMF was added to 12-well plates at 37°C with 5% CO 2 , respectively. The cell monolayer fixed with methanol on ice for 30 min and washed three times with PBS. Subsequently, cells blocked with 1% BSA for 1 h at the room temperature under gentle shaking. After washing in PBS, the cells were incubated with primary antibody against porimin through overnight incubation at 4°C. Cells washed three times by PBS and incubated with appropriate secondary antibody conjugated to horseradish peroxidase for one hour at room temperature in dark condition. The microscope cover glass was placed on a dry slide with 4′,6-diamidino-2-phenylindole (DAPI) to counterstain and seal. After completion, the position and fluorescence intensity of the primary antibody and cell morphology observed under a DP20-5 inverted microscope (OLYMPUS, Japan).
Western Blot Analysis The cell was treated with 5-Fu and DMF for indicate time in indicate concentration. Total protein was isolated from cells using Whole Cell Lysis kit containing phosphatase inhibitor 500 µg/mL, protease 5 µg/mL, PMSF 500 µg/mL following the manufacturer's instruction at 4°C to collect supernatants for Western blot. Protein concentration was determined using the BCA Protein Quantitation Assay by Spectrophotometer. Sample of protein (10 µg) loaded on 8 or 10% sodium dodecyl sulphate polyacrylamide gels and transferred to immobilon-P polyvinylidene difluoride membrane (PVDF) with 100 V. It was blocked using 5% skimmed milk in Tris buffer saline (TBS) with 0.1% Tween 20 (TBS-T) for 1 h at room temperature. After washing in PBS, the cells incubated with primary antibody against such as caspase-3 (1 : 1000). After overnight incubation at 4°C, cells were washed three times in TBS-T and incubated with appropriate secondary antibody conjugated to horseradish peroxidase for one hours at room temperature and then washed in TBS-T. The membranes performed with enhanced chemiluminescence (ECL) Western blot detection system (BIO-RAD, U.S.A.). The densitometry developed using Image J analysis software. The protein levels normalized to protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and expressed relative to control.
Statistical Analysis All the data were expressed as mean ± standard deviation (S.D.) from three individual experiments. Differences between groups were determined by using Student's t-test and one-way ANOVA. p < 0.05 was deemed statistically significant.
RESULTS AND DISCUSSION
DMF Exert Potent Effect in Suppressing Proliferation against MGC-803
The early study showed that the cell viability was related to 5-Fu, along with MLDH carrier that may also play a role in specific organelles after DMF exposure in cells.
3) However, the reason for significant lethal effect of DMF may be its strong transporting and targeting effect compared to 5-Fu. 6) In order to determine the appropriate dose of drug intervention to collect relevant biochemical indicators, this paper firstly implemented a study on the dose-dependent manner and time-dependent manner of 5-Fu and DMF intervention in MGC-803, respectively. 5-Fu and DMF can inhibited cell proliferation of MGC-803 in a concentration-dependent manner after 24 h. The imparity of cell viability stimulated by 5-Fu was 6.28-10.76% between the maximum and the minimum concentration, while the DMF made a difference of 52.95-54.92% (Fig. 1A) . The IC 50 of DMF and 5-Fu were 263.1 and 1876 µg/mL. In addition, 5-Fu and DMF inhibited cell proliferation in a time-dependent manner, respectively. The data demonstrated that DMF exert more potent effect of suppressing proliferation than 5-Fu against MGC-803 cells (Fig. 1B) .
We have detected the toxicity of MLDH on A549, SGC-7901 and SKOV3 in time-dependent manner and concentration-dependent manner 3) in the previous study. Our results reflected that the particularity (anti-cancer benefits) of the DMF preparation was a combination effect of 5-Fu and delivery system (MLDH) rather than the simple weighting of 5-Fu and carrier cytotoxicity.
6)
DMF Caused Obvious Morphological Characteristics of Distension Death in MGC-803
Cell morphology is one of the most direct ways to identify the type of cell death. The cell morphology was intact, and the mitochondria and endoplasmic reticulum were clear in the control group. There was chromatic agglutination ( ), which was characteristic of apoptosis after 5-Fu stimulation for 4 h (Fig. 2) . Therefore, the cell death form induced by 5-Fu can be defined as apoptosis. The majority of literatures indicated that 5-Fu can induce apoptosis in many cancer cells, such as MGC-803, HCT116, MDA-MB -231, [14] [15] [16] which is consistent with our result. Cells were damaged severely, cellular and nuclear swelling after 4 h of DMF administration as shown in Fig. 2 . There were numerous vacuoles free of organelle (△) in cell, cell contents were released from the edge of the cell membrane, and even whole cell was ruptured. Furthermore, lysosomes were highly activated during DMF intervention (○). The above results suggested that cellular structure severely damaged by DMF after a short period of time (4 h), which was highly consistent with the morphology of swelling death. In other words, DMF changed cell death pattern of 5-Fu from apoptosis to oncosis.
DMF Induced ATP Depletion, MMP Decrease, ROS Accumulation and UCP-2 Activation in MGC-803
The supply and consumption of ATP can reflect the balance of intracellular energy during programmed cell death. The occurrence of apoptosis expend energy, the form of cell death will turn from apoptosis into oncosis as the result of energy insufficient. 17) According to Fig. 3A , ATP level was slight decreased after 5-Fu treatment compared with control, and even exceed control at 48 h. The possible reason is that cells damaged and exhibited some characteristics of apoptosis, such as ATP consumption in early. Cells continue multiplying and growing later, causing energy rising due to the limited dose to MGC-803. Nevertheless, there was a dramatic reduction in DMF treatment that ATP level reached −0.59 ± 0.067 at 12 h. The abnormal phenomenon implied a novel form of cell death induced by DMF, which distinct from apoptosis. According to ATP level, the form of cell death caused by DMF was similar to characteristics of oncosis. As documented that the ATP level plays an important role in cell death, which determine how the cell dies. 11, 17) Mitochondrial dysfunction is one of the important features of programmed cell death (PCD). The loss of MMP and the opening of membrane permeability transition pore (PTP) related to cell death closely. The intracellular ROS accumulation and MMP loss were caused with opening of the PTP, eventually triggering cell death when cells are in an unfavorable environment.
18) The decrease of MMP was observed in timedependent manner according to a fluorescence change from red to green after 5-Fu and DMF exposure, respectively (Fig.  3B) . The literature reported that mitochondrial dysfunction is a common feature of cell death (whether apoptotic or oncosis), which caused the loss of MMP. 19, 20) However, the loss of MMP induced by DMF showed more pronounced effect compared with 5-Fu.
Mitochondrion is source of ROS, and its accumulation can damage the mitochondrial membrane in turn. To investigate the difference of ROS in treatment of 5-Fu and DMF to MGC-803, respectively, flow cytometry was proceed with DCFH. After treated with 5-Fu, a significant increase of DCFH signal illustrated the over-generation of ROS in timedependent manner, which consistent with the JC-1 results (Fig.  3C) . Whereas, it was distinct that the level of ROS remained unchang in DMF, which suggested that cell death was ROSindependent pathway in triggering mitochondrial dysfunction. The study suggested that the mechanism of cell death by 5-Fu induction might relate to the conventional mitochondrial apoptotic pathway according to ROS accumulation. 21) Obviously, mitochondrial dysfunction was not main factor for DMF to induce oncosis although there were MMP decrease and ATP depletion. Some chemotherapeutic drugs or preparations may cause mitochondrial dysfunction such as ATP depletion, MMP decrease when they induce cell oncosis, but not exist ROS accumulation to trigger cell death through mitochondrial dysfunction pathway. 22) Uncoupling protein-2 (UCP-2) is a proton transporter on the mitochondrial inner membrane that mediates proton leakage, affects energy metabolism, ROS accumulation, apoptosis and oncosis of tumor cells. 23, 24) To investigate whether UCP-2 was involved in MGC-803 cells stimulated by 5-Fu and DMF, respectively, we detected the expression of UCP-2 protein with Western blotting. The result revealed that the level of UCP-2 was decreased in time-dependently manner after 5-Fu and DMF intervention (Fig. 3D) . In our results, the decrease of UCP-2 was more significant than 5-Fu after DMF intervention at 24 h, but its decrease caused by 5-Fu intervention was more obvious than DMF at 2-8 h (Fig. 3D) . The literature shown that there are different invasion results of mitochondria and lysosomes by certain drugs or factors.
25) The result of TEM showed that the lysosome is extremely active with DMF intervention compared to 5-Fu in MGC-803. We suspected that DMF might first invade the lysosome, and 5-Fu attack mitochondria, which may be a reason that caused the above results. In other words, the time that DMF escapes from lysosomes and acts on mitochondria may be 8-24 h, which was longer that directly acted on the mitochondria than 5-Fu. The dose-effect relationship demonstrated that DMF was more effective in different doses at the same sufficient time (24 h), but the long-term effect of high dose 5-Fu would exceed that of DMF. It is required to research in our further study (Fig. 3D) .
The literature reported that UCP-2 down-regulation, ROS accumulation and apoptosis were inhibited if some signaling pathways are broken (such as c-Jun N-terminal kinase (JNK)) in anti-tumor of paclitaxel, 26) which suggested that 5-Fu and paclitaxel may have similar apoptosis pathway. The decrease degree of ATP and UCP-2 were more significant in DMF-induced cell death compared with 5-Fu without change of ROS, which showed that the mechanism was obviously different from that of 5-Fu. In other words, one of the difference was whether exist the correlation between UCP-2 and ROS levels in the mechanism of cellular oncosis and apoptosis.
UCP is a mitochondrial inner membrane protein that eliminates the difference of transmembrane proton concentration on both sides of membrane, which can relieve the oxidative phosphorylation process, blocking ATP production. Some chemicals (such as thyroxine) are called as uncoupler, can promote the expression of UCP to make UCP-2 protein complete the process of uncoupling, increasing heat production and oxygen consumption. They can also consume ATP by increasing the ionic pumps on the cell membrane to promote the progress of the oxidative phosphorylation. 27) Based on the above illustration, we considered that as an uncoupler, DMF activate the UCP-2 to hinder output of ATP. DMF may also plays a similar role just as in thyroxine, increasing ATP consumption and promoted oxidative phosphorylation by the amount of sodium potassium pump on the cell membrane, while ROS levels remain unchanged. Significantly, the change of ATP related to the activation of UCP-2 in apoptosis and oncosis, but it was uncertain whether ROS accumulation triggered by ATP depletion in oncosis.
DMF Induced Ca
2+ Elevation and the Activation of Calpain-1 There are high levels of Ca 2+ in endoplasmic reticulum and the mitochondria, they are called intracellular "calcium banks." The elevation of Ca 2+ is an ordinary feature of cell death (either apoptosis or oncosis). 28) To explore the level of Ca 2+ in MGC-803 of DMF exposure, we used Flu-AM as a fluorescent probe to detect Ca 2+ by flow cytometry. Figure  4A showed that Ca 2+ displayed an increase in time-independent manner with 5-Fu and DMF compared with control in MGC-803 cells. The elevation of Ca 2+ induced by DMF was higher than 5-Fu before 24 h. However, the increase rate of Ca 2+ was significantly higher than DMF treatment in the 5-Fu at 48 h. The above result indicated that mitochondrial dysfunction or endoplasmic reticulum stress (ERS) caused by DMF were gradually aggravated in time-dependent manner. The change of Ca 2+ may be related to organic injury and activation of related protein in mitochondria and endoplasmic reticulum due to drug intervention.
The MMP is an important indicator for the mitochondrial function. The decrease of MMP and the opening of PTP are closely related to apoptosis. The results demonstrated that ATP and MMP were decreased after 5-Fu and DMF intervention, while the effect of DMF was more significant than 5-Fu in our study. It was confirmed that ATP insufficient was one of the reason in oncosis. 11, 17) At the same time, the result of DMF in our study had fully verified the common phenotype of oncosis. In the process of apoptosis, some chemotherapeutic agents cause ATP decrease, ROS accumulation, Ca 2+ elevation and MMP loss. Cytochrome C (Cyt C) released from the PTP, while lead to apoptosis. It is completely consistent with the common mechanism of apoptosis after 5-Fu stimulation. The oncosis is also related with mitochondrial membrane permeability transition. 29) However, the mechanism of DMF treatment was not fully complied with it due to ROS unchanged, which indicated the mechanism of DMF-induced cell death was different from pre-existing mechanism, and mitochondrial pathway was not the main mechanism of oncosis induced by DMF.
Calpain, a calcium-activated protease family, is regarded as one of the iconic proteins in the procedure of cell death, 12) and it can be activated if Ca 2+ is released from the "calcium bank." The change of calpain-1 was detected with Western blotting. Figure 4B indicated that there was not a significant dose-dependent after 24 h with DMF exposure. The increased degree of Ca 2+ was weakened compared with 5-Fu after 48 h of DMF exposure according to our results, and the level of calpain-1 was regulated by Ca 2+ . Therefore, calpain-1 did not show dose-dependent, the reason may be that the increased degree of Ca 2+ was slowed after 2000 µg/mL DMF simulation, which caused that the level of calpain-1 was changed with doses, although it was still lower than that of the control group. Furthermore, there was not a clear decrease in timedependent manner.
The literature indicated that there was not only the destruction of the cytoskeleton, but also plasma membrane injury in mitochondrial dysfunction caused by calpain activation. 29) Our results suggested that the decrease of calpain-1 did not show a clear time-dependent manner in early, and the autolysis of calpain-1 was not observed in MGC-803 intervened by DMF. Nevertheless, the down-regulation of calpain-1 was significant in 5-Fu compared with DMF, which suggested that the calpain-1 was susceptible to DMF, but its consumption and autolytic degradation was unclear. Therefore, we speculate that the mainly hydrolytic damage effect in MGC-803 intervened by DMF may not be the calpain system, but likely to be closely related to the lysosomal/autophagy mechanism. 
DMF Induced Membrane Injury in MGC-803
The porimin (pro-oncosis receptor inducing membrane injury) is regarded to be responsible for the abnormal membrane permeability, which directly causes the cell swelling. The activation of porimin is also a marker of oncotic cell death. 30) Meanwhile, the change of cell shape and volume also imply a profound impact on apoptosis and oncosis. The result showed that porimin was located around the nucleus after 5-Fu and DMF exposure for 24 h. The fluorescence intensity was gradually increased under the parameters on basis of DMF (Control <5-Fu < DMF). According to the cell morphology, cell shrink (" ") and membrane permeability increase (" ") were observed after 5-Fu stimulation, which was consistent with morphology of apoptosis. There were signally swelling, and membrane permeability increase in MGC-803 cell treated with DMF (Fig. 5) .
The activated porimin was located in the cell membrane in oncosis. 31) Our data showed that porimin is situated around the nucleus instead of the cell membrane in MGC-803 cells stimulated by DMF. It is evident the activation of porimin also mediates the formation of pores in the plasma membrane followed by cell oncosis. The results of TEM and the above result suggested that the way of cell death induced by 5-Fu is apoptosis. Nevertheless, we speculate the activation of porimin also imply that 5-Fu may have the potential to transform the manner of cell death from apoptosis to oncosis for MGC-803 cell if the time of intervention is long enough. It is required to research in our further study.
The expression of porimin also regarded as a direct evidence to prove cell oncosis apart from ATP insufficient. The activation of the membrane protein can damage cell membrane structure and cause dysfunction. A significant increase of membrane permeability caused exhaustion of the ion pump function on the membrane, followed by water and sodium ions flock into cells, eventually swelling and rupture leading to oncosis.
32)
DMF Induced Some Apoptotic Phenotypes in MGC-803
Cysteinyl aspartate specific protease (caspase) is the product Fig. 6. (A) The Level of Caspases-3, -7, -9, and -12, PARP Were Detected When Cells Were Exposed to 350 µg/mL 5-Fu and 1 mg/mL DMF for 24 h by Western Blotting; (B) The Level of Caspases-7, and -12 Were Detected in Time-Dependently of gene family, including a pentapeptide structure containing cysteine that cleaves the substrate at the N-terminal aspartate residue. Thereby, it can regulates the apoptosis by activation or inactivation of the substrate. 5-Fu is a classical anti-cancer drug that induces apoptosis in cancer cells. The mechanism of apoptosis mainly include endogenous mitochondrial pathway, Bcl-2 anti-apoptotic family protease-mediated apoptosis and exogenous pathways mediated by caspase-8 and ligand Fasassociating protein with a novel death domain (FADD). 33) As development of ERS research, activation of caspase-12 also gets increasingly attention. So far, three pathways have been found to activate caspase-12, including the inositol-requiring enzyme 1 (IRE1) pathway, 34) the m-calpain pathway, 35) and the caspase-7 pathway, 36) all of them are associated with ERS. Caspase-12 is only present on the endoplasmic reticulum membrane in the caspase family, and considered as a key molecule that mediates ERS-induced apoptosis.
37) The study suggested that caspase-7 was activated and migrated to the endoplasmic reticulum membrane, accompanied with cleave of the caspase-12 in ERS, activating downstream caspase and resulting in cell apoptosis. 36) Caspase-7 can cleave the Asp-94 region of pro-caspase-12, which produce caspase-12 of 42 kDa. Two small fragments of 20 and 10 kDa were formed by self-cleave after a matter, in which caspase-12 of 42 kDa continued to self-cleave to form 35 kDa of caspase-12 in the Asp-341 region. 36) Activated caspase-12 directly activates caspase-9, following cleave caspase-3 to act on poly ADP-ribose polymerase (PARP) and other substrates, eventually result in cell apoptosis.
We detected the expression of caspases-7, -12, -9 and -3 during 5-Fu and DMF exposure using Western blot, respectively. The decrease of caspase-7 was shown in time-dependent in MGC-803. Furthermore, the activation and cleavage of caspase-12 (20 kDa) shown time-dependent increasing trend (Fig. 6B) . The activation and cleaved of caspases-3, -9 (25 and 23 kDa) were observed with 5-Fu and DMF exposure in timeand dose-corresponding manner (Figs. 7A, B) . Meanwhile, PARP protein was cleaved (85 kDa) (Fig. 6A) . Moreover, DMF was more sensitive for caspase-3 and PARP protein (Fig. 6A) . The result in our study suggested that caspase-7 cleaved caspase-12 to 20 kDa in ERS.
We examined the activation of caspase-7, but there did not appear the band of cleaved-caspase-7 in the region after 34 kDa in our experiment (cleaved-caspase-7 should appear at 20 kDa). Based on the corresponding relationship between the decrease of caspase-7 and the accumulation of cleaved caspase-12, we speculate that consumption of caspase-7 may also be one of the reasons for the activation of caspase-12. In other words, there were obvious ERS response and cleavage of caspase-12 in the process of cell death induced by DMF, but the activated mechanism of caspase-12 was more specific. Caspase-7 can be migrated to the endoplasmic reticulum membrane, consuming and activating caspase-12, but the cleavage of caspase-7 was not necessarily observed. The possible reason may be that the generation and consumption of cleaved-caspase-7 is too fast to detect its accumulation during the activation of caspase-12. Another possibility, caspase-12 could just be activated with caspase-7. All these speculations need to prove in our subsequent experiments.
The mature caspase-12 was formed, directly activating caspase-9 to cleave caspase-3, followed by cleaving the PARP and ultimately leading to apoptosis. Apoptosis is also associated with release of apoptotic factors (such as Cyt C) in mitochondria. The apoptotic complex was generated through combination between Cyt C and Apaf1 in cytoplasm, which can activates pro-caspase-9, causing the activated caspase-9 to cleave caspase-3, further leading to cleavage of PARP and apoptosis. 38) On one hand, the change of caspases-7, -12, and -9 were located on a lesser extent than 5-Fu, which was inconsistent with Ca 2+ increase and activation of calpain-1 triggered by DMF. On the other hand, the results indicated that the activation and cleavage of caspase-3 and the PARP were more significant than 5-Fu, which suggested that the potent ERS effect was induced by DMF, and the initial factor that induced ERS was distinct from 5-Fu.
It is well known that there is a relationship of caspase cascade between caspases-3 and -9. 39) According to decrease of caspases-9 and -3, we can suggest that caspases-9 and -3 can be activated by the intervention of both 5-Fu and DMF, and there was a clear relationship of caspase cascade between caspases-9 and -3. However, there were significant differences in the level of caspases-9 and -3. Specifically, the decrease of caspase-3 was more significant than 5-Fu in DMF. while, the decrease of caspase-9 was obvious compared with DMF in 5-Fu, which reflects that there are certain differences in the pharmacological mechanism between 5-Fu and DMF preparation. Possible reasons include the following. 5-Fu mainly induces the apoptosis of cancer cells through mitochondrial death pathway, during which caspase-9 is activated with the apoptotic complex generated through combination between Cyt C and Apaf1 in cytoplasm, the activation and consumption degree of caspase-9 is high. DMF may mainly induce oncosis through the lysosomal pathway in tumor cell, so activation of caspase-9 can directly act on caspase-3, but the activation mechanism of caspase-9 may be different from 5-Fu. In addition, other factors in the lysosomal pathway may also increase the degree of activation and consumption of caspase-3.
Caspase-8 is a key "apoptotic initiator" in caspases family among the exogenous pathways mediated by death receptors (Fas, DR4 and DR5). The activated caspase-8 can initiate the caspase cascade to further activate its downstream homologous enzymes, such as caspases-6, and -7, etc., causing activation of caspase-3. 40) Lamin-A plays an important role in maintaining the morphological structure of cells. 41) The lamin-A will combine with activated caspase-6 to trigger apoptosis due to it is a natural substrate for caspase-6. The research reported that caspase-6 promoted cell apoptosis at least in part through the cleavage of lamin A. 42) The paper investigated the expression of caspases-6, -8 and lamin-A during drugs intervention. Figures 8B and 9 showed that the levels of casapses-6 and -8, and lamin-A were decreased compared with the control after 5-Fu and DMF treatment in dose corresponding manner, respectively. The level of lamin-A was recovered after a decline at 8 h in 5-Fu and DMF exposure, which may be due to the compensatory effect of the self-protection mechanism in cells. Along with the extending of drugs intervening time, the self-protection mechanism was weakened, causing the level of lamin-A could not be recovered after 24 h, and decreased urgently. The decrease of caspase-8 and lamin-A was greater than 5-Fu in DMF (Fig.  8A ). Caspase-6 is the only protease that can markedly cleave of caspase-8 in Cyt C extractive. 43) Meanwhile, caspase-8 can be evidently inhibited if suppress caspase-6 by some measures in cells, which make caspase-6 become a main activators for caspase-8. The literature reported that caspase-6 could induce Cyt C, which further enhanced the caspase cascade effect. 44) Therefore, we can illustrate that there might be a complexity relation between caspases-6 and -8 rather than certain link after DMF exposure, which may be a reason that expression level of caspase 6 and lamin-A were inconsistent, although lamin-A was a natural substrate for caspase-6. Beyond that, DMF was a nuclear-targeted drug according to the previous research. However, it is explicit that there is similar apoptosis pathway in 5-Fu and DMF, and the form of cell death may be changed from apoptosis to oncosis.
We believe that oncosis is more meaningful than apoptosis for chemotherapy of cancer cells, but it is necessary to control the side effects of DMF on normal tissues. Therefore, targeted therapy is necessary. DMF mainly induced oncosis in MGC-803 according to morphological analysis, and the IC 50 of DMF was much smaller than 5-Fu, these suggested that DMF was more suitable as a chemotherapeutic agent compared with 5-Fu. Oncosis differs from apoptosis in both morphological changes and biochemical reaction mechanism, which has implications for diagnostics and pharmacological analysis. Furthermore, the cancer therapy-drug-resistance may be defeated in oncosis.
CONCLUSION
To conclude, DMF can trigger mitochondrial dysfunction, including ATP decrease, MMP reduction and Ca 2+ elevation. Meanwhile, the rate of ATP depletion is predominantly different from 5-Fu, which is consistent with the mechanism of oncosis. DMF intervention does not show a noticeable effect on ROS levels. Therefore, we speculate that the endogenous mitochondrial apoptosis pathway may not be the main reason for DMF-inducing oncosis against MGC-803 cells.
DMF can induce strong ERS effect and exist some cascade reactions between caspases-7, -12, -9, and -3, and PARP, which displays that there may be signaling pathways similar with apoptosis. The pre-oncosis receptor of cancer cells strongly is expressed in the intervention process of DMF, and the cell shows a morphological trait of oncosis. However, in view of the result of calpain-1, the hydrolytic damage of cell may be not brought from the calpain system. DMF demonstrate semblable mechanism in the cascade of caspases-8, -6, -9, and -3, and lamin-A compared with 5-Fu, but make a more significant injury on nuclear skeleton and PARP, which may be related to the unique nuclear targeting, the charge, size and shape character of the DMF particles.
